Several series of A / SnO 2 and Mn/B multilayers, where A and B are thin layers ͑0.4-10.1 nm͒ of SnO 2 , SiO 2 , Si, Al, Mn, or MnO x , have been investigated magnetic, electronic, and structurally. The study demonstrates that the detected ferromagnetism is related to regions of high density of defects in SnO 2 induced by doping under particular conditions. The observed room-temperature ferromagnetic ͑RTFM͒ signal does not scale to Mn content but increases with the number of interfaces and their roughness. The presence of Mn in 3+ oxidation state in the SnO 2 lattice is a necessary condition but is not enough to promote ferromagnetism which also requires the presence of Sn 2+ . The high oxygen deficiency induced by Mn doping in the tin-oxide layers is mostly compensated by the formation of the stable SnO phase. Moreover, the RTFM signal decreases upon annealing either in O 2 rich or in vacuum atmospheres. The combination of Mn with SiO 2 , Si, or Al produces paramagnetic signals but no ferromagnetism; consequently SnO 2 is a crucial ingredient of this RTFM. The observed ferromagnetism may be explained by short-range ferromagnetic correlations between Mn probably mediated by induced holes at oxygen sites of SnO 2 in the vicinity of trivalent Mn 3+ doping ions. The inhomogeneous Mn distribution inside tin oxide at the multilayer interfaces may produce large enough regions with high defect concentration to allow long-range ferromagnetic order. All undoped SnO 2 films, grown in a wide set of different conditions, show paramagnetic signals with high-J values but no ferromagnetism is detected probably because of the high density of defects required to establish a ferromagnetic order based in a shortrange mechanism.
I. INTRODUCTION
The understanding of ferromagnetism ͑FM͒ in magnetic oxides, wide gap oxides ͑ZnO, SnO 2 , and TiO 2 ͒ doped with transition-metal ͑TM͒ ions ͑as Mn, Co, Fe, Cr, Ni, V, etc.͒, remains a challenge both from theoretical and experimental viewpoints. The existence of room-temperature ferromagnetism ͑RTFM͒ in doped TiO 2 , 1,2 ZnO, 3, 4 or SnO 2 ͑Refs. 5-10͒ systems has been reported. However, not only the origin of this ferromagnetism is still under debate, also diverse experimental results have been obtained for nominally the same compounds. The formation of ferromagnetic metallic clusters, 11, 12 secondary phases, 13 or new metastable phases, as well as the presence of interfaces 14, 15 and structural point defects, [16] [17] [18] are known to be relevant. Moreover, FM has been also reported in several nondoped oxides [19] [20] [21] when prepared as thin layers.
Several theories have been developed recently trying to explain the mechanism responsible of RTFM in oxides. The long-range interaction required to explain ferromagnetism in diluted systems has been accounted for either by free-carrier mediated exchange 22 or by the bound magnetic polarons ͑BMP͒ theory in semiconductors. 23 The BMP model has been used to describe the ferromagnetic order in oxides, 24 with or without transition-metal doping, and is related to the presence of donor electrons associated to oxygen vacancies, which are believed to be common in the chemistry of these oxides, forming magnetic polarons of a certain diameter that may percolate above a critical concentration of defects.
Among these oxides, tin oxide, SnO 2 has important applications in other fields, for example, as transparent conducting electrode in solar cells 25 or gas sensor 26 due its high optical transparency. However, in comparison with other oxides, there have been fewer reports on TM-doped SnO 2 but some with impressive ferromagnetic transition temperature, T C , and magnetic moment per TM. In 2003, Ogale et al. 5 reported, in Co-doped SnO 2 films fabricated with pulse laser deposition ͑PLD͒, a giant magnetic moment ͑7.5Ϯ 0.5 B / Co͒ and high-T C ͑ϳ650 K͒. Coey et al. 6 investigated 5% Fe-doped SnO 2 films also grown with PLD and revealing RTFM with a magnetic moment of 1.8 B / Fe. Lower magnetic moments have been observed in Sn 1−x Co x O 2 powders. 7 In the case of Mn-doped SnO 2 , first investigations pointed out to a paramagnetic ͑PM͒ behavior in Sn 0.95 Mn 0.05 O 2 epitaxial films. 27 Coey et al. 24 presented a compendium of published results showing the dispersion of the magnetic moments per TM obtained in these oxides which, for Mn, varied, at that moment, from almost 0 to ϳ6.8 B / Mn. Fitzgerald et al. 8 observed RTFM for the same system with an exceptionally high magnetic moment ͑ϳ20 B / Mn͒, for a 1% of doping, which they attributed to the BMP mechanism. Later, other results reporting RTFM have been published for polycrystalline Mn-doped SnO 2 films with magnetic moments of 0.18 B / Mn ͑Ref. 9͒ and of 3 B / Mn, 10 this last report suggesting free-carrier mediated mechanism. The observed ferromagnetism in different magnetic oxides has been recursively related to the presence of oxygen vacancies also in oxides without TM doping 19, 20 or in nanoparticles.
to keep in mind that Sn has the particularity of forming two stable oxides SnO 2 ͑with Sn 4+ ͒ and SnO ͑Sn 2+ ͒. In fact, depending on the oxygen-rich or oxygen-poor conditions, the coupling of a divalent Sn interstitial ͑Sn i 2+ ͒ to an oxygen vacancy produces such rearrangement of the surrounding lattice that we can talk of SnO-like local phase. 29 In SnO lattice, under oxygen-rich conditions, tin vacancies are the dominant defect forming shallow acceptor states and therefore p-type conductivity. 30 Recent calculations show that intrinsic defects in SnO 2 would not contribute to the conductivity since the electrons are deeply trapped. 31 These authors propose unintentional H doping, either at interstitials or at oxygen sites, to provide the shallow donors. Regarding ferromagnetism, the latest calculations demonstrate that it may arise from cation vacancies such as in ZnO ͑Ref. 32͒ or in SnO 2 ͑ref. 33͒ but not from V O . In SnO 2 , these authors obtain ferro or antiferro ͑AF͒ coupling of the holes at the oxygen ions around two close Sn vacancies ͑V Sn ͒ depending on their spacing. The optimum situation for a ferro coupling corresponds to a distance of 5.5 Å between two V Sn . The up to now published experimental results point to a dependence of the magnetic properties on the oxidizing or reducing conditions and treatments that rather seem to evidence the important role of oxygen vacancies. 19, 34 Ab initio calculations in rutile TiO 2 indicate that oxygen vacancies favor the introduction of impurities in the host, increasing the magnetic moments, and that the obtained magnetic order is FM for Co and AF for Mn or Fe impurities. 35 In Fe: SnO 2 similar conclusions are obtained but the coupling is FM. 36 In this study, we have obtained several series of A/B multilayers as well as SnO 2 films. Multilayers with extremely thin Mn layers ͑down to 0.4 nm͒ were obtained to favor the formation of possible metastable phases at the Mn/ SnO 2 interfaces. 37 Our interest was to obtain the relevant parameters that promote the RTFM in order to enlighten the different possible mechanisms of this complicated sample and laboratory-dependent observed magnetism. The films grown at low sputtering power in Ar and at room temperature ͑RT͒, either on Si͑100͒ or sapphire ͑R-cut͒, are amorphous while the introduction of oxygen, the increase in power or a higher substrate temperature promote the formation of SnO 2 nanocrystals. 38 Samples grown at 500°C produce epitaxial films on sapphire and polycrystalline films on Si. Only amorphous films are ferromagnetic while epitaxial or polycrystalline films present a paramagnetic contribution that quantitatively does not correspond to the introduced concentration of metal.
Mn was chosen as the transition metal since none of its known oxides, nor its metallic phases, are ferromagnetic, except Mn 3 2 , and MnO x layers were deposited with rf sputtering at 10 W. Mn, Si, and Al were grown by dc sputtering. All layers were deposited with Ar as sputtering gas ͑5 ϫ 10 −3 mbar͒. No O 2 were introduced in the chamber in order to ͑i͒ not oxidize the Mn, which tends to loose its metallic nature and ͑ii͒ promote the oxygen vacancies in our system. The base pressure was 1 ϫ 10 −6 mbar. The nominal Mn, MnO x , or Al layer thickness ranges from 0.4 up to 10 nm while SnO 2 , Si, and SiO 2 thickness is maintained constant ͑around 3 nm͒. The total nominal thickness of the multilayers varies from 68.5 to 280 nm. SnO 2 films of thickness up to 200 nm were obtained as reference samples. Some of the samples were subjected to a thermal treatment in high vacuum or under O 2 flow atmosphere at 750°C in order to study the role of oxygen vacancies and to enhance its crystallinity.
The films and multilayers have been very carefully magnetically characterized avoiding using at any step metallic, even nominally "nonmagnetic," tools. The magnetic measurements were performed with a superconducting quantum interference device magnetometer and the samples were cut in the appropriate dimensions to fit into the straw. The removal of the substrate diamagnetic signal is always a delicate point, therefore, after subtracting the diamagnetic signal corresponding to the weight of the substrate ͑estimated from the measurement of a fresh substrate͒ a correction is done ͑in the range of 5%͒ in order to obtain a horizontal signal for the 300 K cycles which is afterwards used at the other temperatures. This is a good approach since the paramagnetic signal of such thin films is small enough to be negligible at 300 K.
X-ray absorption spectroscopy ͑XAS͒ measurements in fluorescence configuration at Mn K-edge ͑E 0 = 6539 eV͒ were obtained for most of the films and multilayers to obtain the Mn valence state. The experiments were done at BM25 beamline at the European Synchrotron Radiation Facility ͑ESRF͒. These XAS measurements allowed us to check for any contamination from elements close in Z to Mn, in particular, from Fe. We observed that no Fe contamination is present in the samples.
X-ray reflectivity ͑XRR͒ was performed to evaluate the thickness and roughness of the films as well as the quality of the multilayer interfaces. Simulations of XRR measurements were performed using SUPREX® program. 39 A detailed structural study has been performed by x-ray diffraction ͑XRD͒ both in our laboratories and at BM25 beamline ͑ESRF͒. Two configurations were used: the standard -2 ͑ = 1.5406 Å͒ and the low-angle incidence configuration ͑grazing incidence geometry with incidence angle of 0.75°, at ESRF͒ at 14 keV ͑ = 0.8857 Å͒ in order to minimize substrate signal, especially important in amorphous films. Rutherford backscatter-ing ͑RBS͒ was performed at Centro de Microanálisis de Materiales ͑CMAM͒ using a 2 MeV 4 He + ion beam in order to obtain a quantitative compositional characterization of the multilayers.
In order to obtain the local electronic state of Sn atoms into the multilayers, 119 Sn Mössbauer spectroscopy in emission mode was used. The spectra were recorded at room temperature in triangle mode, using a conventional Möss-bauer spectrometer with Ca 119 SnO 3 source on one end and 57 Co͑Rh͒ source on the other end for energy calibration. The samples were placed in a He-4%CH 4 gas flow proportional counter to detect the internal-conversion electrons emitted by the 119 Sn nuclei after resonant absorption of gamma rays. The spectra were analyzed by a nonlinear fit using the NOR-MOS program. 40 The isomer shifts were referred to the Ca 119 SnO 3 source. Figure 1͑a͒ shows the magnetization vs field at 5 K for the series of Mn/ SnO 2 multilayers grown at RT that have been characterized by different techniques to obtain their structural and compositional properties ͑see Table I͒. The figure shows the presence, at 5 K, of ferromagnetic and paramagnetic components for all the samples. The inset shows the 300 K cycles of N = 5, 20, and 75 multilayers and the lower part of Fig. 1 shows the field-cooled magnetization measured at 1000 Oe as a function of temperature. The figure demonstrates the presence of a ferromagnetic phase with T C Ͼ 400 K, therefore RTFM.
III. DISCUSSION
The magnetization has been normalized to the volume of Mn estimated from the deposition rate, the fit of the XRR ͓Fig. 2͑a͔͒ and RBS data of some of the films ͓Fig. 2͑c͔͒. XRR measurements and fits reveal an important roughness and interdiffusion ͑ A-B ͒ between layers which is increased as the Mn layer thickness decreases ͑Table I͒. The simulations of the RBS spectra gave the atomic composition for N = 5 and N = 75 samples. The percentage of Mn, Sn, and O are 62%, 10%, and 28%, respectively, for N = 5 multilayer, and 18%, 20%, and 62% for N = 75 sample. The atomic Mn percentages coincide very well with the values obtained from the thicknesses of the layers. Figure 1 evidences that the magnetic signal is not proportional to the Mn content but rather seem to correlate to the number of bilayers N.
We have performed x-ray absorption and diffraction studies of the films with synchrotron radiation. Figure 2͑b͒ shows the diffraction results for this series using fixed grazing incidence angle ͑around 0.75°͒ and varying the detector angle ͑2͒. The presence of MnO nanoclusters is detected ͓com-pare Fig. 2͑b͒ and the MnO reference͔. As N increases, the multilayers are such that the total amount of Mn is similar, but the SnO 2 total thickness ͑=N ϫ d SnO 2 ͒ is proportional to N, therefore the intensity of the two bands, around 2.2 and 4 Å −1 increases. In order to assign the origin of these bands, a SnO 2 undoped film was grown under the same conditions. Its diffractogram is similar to the N = 75 multilayer ͑Fig. 3͒ but with slight differences. We will first mention that the band around 4 Å −1 is in fact the combination of three components ͑as we could deduce after comparing a large number of different samples͒: one contribution at 3.8 Å −1 arises from the SnO 2 , and the other, at 3.95 Å −1 , from MnO nanoclusters and from a spurious band related to Si substrates. The two bands related to SnO 2 could be, in principle, originated from nanocrystals or/and amorphous SnO 2 or/and SnO.
As a first approach, SnO nanocrystals, rather than SnO 2 , with mean size around 2 nm, would fit the results ͑compare the diffraction data of the films to those corresponding to 2 nm nanocrystals of both Sn oxides in Fig. 3͒ ␦ =0,01 mm/ s, ⌬ = 0.45 mm/ s, and ⌫ = 0.78 mm/ s, of a crystalline environment according to. 41 Nevertheless, and this is a crucial point, Mössbauer also showed the presence of about 30 % of Sn 2+ in the Mn/ SnO 2 multilayers ͓Fig. 4͑c͒, lower curve͔.
Coming back to diffraction, we have simulated the signal corresponding to randomly oriented SnO 6 and SnO 4 units ͑Fig. 3͒. 43 The SnO 6 units correspond to the octahedra and distances of crystalline SnO 2 while SnO 4 units correspond to tetrahedra in SnO crystal. Clearly none of these units do originate the observed data. The observed bands are due to Sn-Sn pairs ͑Fig. 3͒ at a distance around 3.55 Å. This distance is close to Sn-Sn distances present in both tin oxides. Therefore, we can conclude that SnO 2 films grown at RT are amorphous with Sn-Sn distances close to the crystal values but where the angles Sn-O-Sn have a certain distribution so that the long-range order is lost. Looking at the multilayers, it is clear that the diffraction bands are narrower than those of SnO 2 films. Therefore, we propose that the multilayers contain a combination of SnO 2 and SnO mainly in amorphous phase with some contribution of nanocrystalline ͑around 2 nm͒ phases.
Finally, XAS spectra at Mn K edge of the series of Mn/ SnO 2 multilayers ͓Fig. 5͑a͔͒ are presented and compared to reference Mn oxides and ␣-Mn ͑metal͒. The first observation is that the spectra do not correspond to a unique valence state of Mn. The only multilayer that presents a significant content of metallic Mn is the one with the thicker Mn layers ͑d Mn = 10.2 nm and N =5͒. Figure 5͑b͒ shows 3+ . Once the samples have been thoroughly characterized, we come back to magnetic data. We fitted the signal for the series of multilayers using a combination of Brillouin functions to take into account the paramagnetic and ferromagnetic components. The ferromagnetic contribution can be approximated to a Brillouin function with a large enough angular momentum J ͓we have taken J FM = 100 ͑Ref. 44͔͒ while J of the paramagnetic part, J PM , is a fitting parameter. For all multilayers, and especially for those with low N, the obtained J PM values are very small ͑Ͻ0.5͒ and lack of physical meaning if the magnetic moments are related to Mn ions: the standard J PM values should vary from 1.5 to 2.5, for Mn 4+ to Mn 2+ , respectively. We have therefore included an antiferromagnetic component since XRD measurements revealed the presence of MnO nanocrystals which are antiferromagnetic with T N ϳ 120 K. In antiferromagnets, the magnetization dependence with H is almost linear and, in MnO, the slope for a measured reference sample was 4.3ϫ 10 −4 ͑emu/ Oe cm 3 ͒. So we will take into account three different contributions for the fit: FM, PM, and AF, AF components produce very small signals and the parameters of the paramagnetic and antiferromagnetic phases are correlated so, finally, we fixed the AF weight ͑AF= 1͒, and J PM =2 ͓Mn 3+ , consistent with x-ray appearance nearedge structure ͑XANES͒ results͔ to fit all the series and left the PM and FM fractions as the fitting parameters. Figure  6͑a͒ shows the measured and fitted magnetic cycles of N = 40 sample at 5 and 300 K. In Figs. 6͑c͒ and 6͑d͒ , the FM and PM fractions are plotted, both in emu/ cm 3 Mn and emu/ cm 3 ͑total͒. We can observe that neither the FM nor PM signals are proportional to the Mn content but, as the number of interfaces ͑2N͒ increases, both contributions increase. Clearly the number of interfaces is favoring the ferromagnetic and paramagnetic components. Unfortunately, from these fits we cannot determine, within a reasonable error, the AF part which would allow estimating the fraction of Mn in FM and PM phases. All samples have an important antiferromagnetic component and most probably, the increase in the FM and PM signals is due to the reduction in MnO oxide ͑as indicated by XANES͒ and increase the fraction of Mn inside the SnO lattice favored by the number and roughness of interfaces. Note that N = 75 sample does not show the MnO diffraction peaks ͓Fig. 2͑b͔͒ but AF coupling persists. range from 0.06 to 0.24 B / at Mn at 5 K and 0.01-0.2 B / at Mn at 300 K but it is to note that, in fact, only a small fraction of Mn is contributing to the FM signal, therefore the actual moments per Mn have to be much higher.
M͑H,T,J͒
The magnetic signal of an as-grown undoped SnO 2 film is shown in Fig. 6͑b͒ . The obtained signal at 5 K and 5 T is around 100 times smaller than those corresponding to the multilayers ͓N = 40, Fig. 6͑a͔͒ . For the undoped film we have obtained, apart from a very weak ferromagnetic contribution that we do not consider relevant, a paramagnetic behavior ͑see continuous line in the figure͒ with J PM = 3.2. To check the validity of the fit, we simulate the signal at 300 K with the parameters obtained at 5 K resulting in perfect agreement with the data. Therefore, the SnO 2 films do present a weak paramagnetic signal indicating the presence of magnetic centers that, according to the calculations, 33 would be related to Sn vacancies. The J value around 3 is quite large ͑for example, this can correspond to 6 electrons or holes with spin 1 2 ͒ and the number of these centers per cm 3 is ͑taking g =2͒ about 10 19 , which means that there is 1 magnetic center per 1000 SnO 2 unit cells. To obtain a cooperative ferromagnetic signal, not only the interaction between centers has to be ferromagnetic, also, the density of centers has to be high for short-range mechanisms. Considering the calculated distance for a ferromagnetic coupling between Sn vacancies ͓around 5 Å ͑Ref. 33͒͒, the density obtained here is clearly too low. On the contrary, at the interfaces of the multilayers, the number of magnetic centers may be high enough to form ferromagnetic regions or clusters.
Summarizing the results on the Mn/ SnO 2 multilayers, it is well established that they contain both Sn 4+ and Sn 2+ , with Sn-Sn distances typical for any of the stable tin oxides ͑around 3.55 Å͒ with a dispersion of Sn-O-Sn angles that breaks the structural long-range order. Mn is present in different valence states: metallic Mn ͑only for the thickest Mn layer͒, Mn 2+ ͑corresponding to MnO͒ and Mn 3+ most probably inside the Sn oxides at the interfaces. The ferromagnetic signal does not scale to the Mn content and the maximum value corresponds to an optimum combination of number of layers and Mn layer thickness. An antiferromagnetic component is always present related to MnO. The paramagnetic component clearly increases for ultrathin Mn layers and large N. Remembering that XRR indicates an important roughness and interdiffusion of Mn/ SnO 2 interfaces we may conclude that both ferromagnetic and paramagnetic signals correspond to these Sn-O-Mn 3+ regions at the interfaces. In order to check if the magnetic signal is related to some unstable, distorted, or nonstoichiometric Mn oxide, we have fabricated another series of multilayers combining Mn with SnO 2 , SiO 2 , Si, and Al ͑all with thickness of both types of layers around 3 nm͒ with N = 20 bilayers. The magnetic signal for all of them, except for Mn/ SnO 2 , corresponds either to weak paramagnetic or AF behaviors ͓Fig. 7͑a͔͒. All contain metallic Mn but with decreasing proportions following the sequence: Mn/Al, Mn/Si, and Mn/ SiO 2 multilayers. Mn/ SiO 2 also contains Mn with valences 2+ and 3+. Therefore the presence of Mn and oxygen with different valences is not sufficient to obtain a ferromagnetic phase.
To evaluate the relevance of oxygen vacancies in the magnetism, we have proceeded to anneal the multilayers at temperatures around 750°C either in vacuum ͑reducing atmosphere͒ or in O 2 -rich atmosphere. The effect of annealing treatments is to crystallize the SnO 2 and SnO oxides and to form Mn 2 O 3 and Mn 3 O 4 oxides ͓Figs. 8͑a͒ and 8͑b͔͒. Annealing in reducing or oxidizing atmospheres modifies the magnetic signal decreasing drastically the RTFM and appearing a ferromagnetic signal related to Mn 3 O 4 in both cases ͓Figs. 8͑c͒ and 8͑d͔͒. The difference related to the annealing atmospheres lies in the degree of crystallization of the nanocrystals and in the permanence of a small fraction of tin mono-oxide, SnO, when annealing in vacuum. Figures 8͑a͒  and 8͑b͒ shows the diffraction data of two multilayers annealed one in O 2 -rich atmosphere and the other in vacuum, respectively. In the second case, the formation of SnO 2 as well as Mn 2 O 3 and Mn 3 O 4 is evidenced but the background indicates that a fraction of amorphous material remains. In the first case ͑note that the proportion of nominal Mn and SnO 2 content is different in both multilayers͒, the exclusive formation of SnO 2 is clear as well as the formation of the same Mn oxides. The ferromagnetic signal is almost identi- FIG. 6 . ͑Color online͒ Magnetization ͑M͒ vs magnetic field ͑H͒ at 5 and 300 K of ͑a͒ the Mn/ SnO 2 multilayer with N = 40. The lines are fits using a combination of Brillouin functions and an AF component and ͑b͒ an undoped amorphous SnO 2 film. Coefficients of the ferromagnetic ͑c͒ and paramagnetic ͑d͒ components along the series in emu/ cm 3 and in emu/ cm 3 Mn.
cal in both cases and is dominated by the presence of Mn 3 O 4 which is ferromagnetic at T c =44 K ͓see insets of Figs. 8͑c͒ and 8͑d͔͒ and presents a high coercive field due to its nanometric size. Mössbauer spectroscopy confirms the disappearance of Sn 2+ when annealing in O 2 ͓Figs. 9͑a͒ and 9͑b͔͒. Therefore, annealing in reducing or oxidizing atmospheres decreases the room-temperature ferromagnetic signal.
Looking at Mn K edge it is clear that the contribution of higher Mn valence states is increased both for O 2 and vacuum annealed samples ͓Fig. 8͑e͔͒. Therefore annealing does not promote the formation of mixed Sn-Mn oxides but transforms the samples so that stable tin and Mn oxides are formed and the RTFM is destroyed.
We fabricated another series of multilayers, MnO x / SnO 2 , with similar N and layer thickness as the first Mn/ SnO 2 series ͑see Table II͒ . These multilayers present much sharper interfaces ͑Fig. 10͒ since the oscillations due to the bilayer remain visible for the sample with N = 75 and manganese oxide layer thickness of 0.4 nm while in Mn/ SnO 2 multilayers, the bilayer structure is detected only for Mn layers down to 1.2 nm. Moreover, interdiffusion thicknesses ͑estimated from SUPREX fits, Tables I and II͒ with the short-range order of SnO stable oxide. Interfaces with important interdiffusion, where Mn migrates into the Sn-O lattice, and exhibiting high Mn density regions are necessary for a ferromagnetic order which is based on shortrange magnetic interactions mediated by the tin oxide lattice. Mn tends to form stable Mn oxides and no mixed Sn-Mn-O oxides are detected in any situation. Its combination with materials other than SnO 2 does not form ferromagnetic phases. Our explanation for all the previously described characteristics and behavior of the ferromagnetic signals is therefore related to the combination of Mn ions inside the tin oxide lattice in a metastable situation that is removed with a 10 min annealing but which is stable at room temperatures for months ͑at least͒. Mn 3+ ͑an probably also 2+͒ located at Sn 4+ sites may promote one ͑two͒ holes in the surrounding oxygen ions and a lattice relaxation that may favor ferromagnetic Mn-O-Sn-O-Mn coupling against the usual antiferromagnetic Mn-O-Mn superexchange in Mn oxides. This situation is similar to the deduced from the calculations of Ref. 33 and 45 where Sn vacancies 33 as well as Fe ions inside SnO 2 ͑Ref. 45͒ couple ferromagnetically. Both calculations obtain ferromagnetic coupling between defects ͑Sn vacancies or TM͒ for distances around 5 Å. Extrapolated to the present case, the observation of a cooperative ferromagnetic signal would require short Mn-Mn distances and a high number of such close Mn ions. Therefore in our samples is seems that the inhomogeneous Mn distribution inside tin oxide at the multilayer interfaces are able to produce regions of sufficient concentration and size to form long-range ferromagnetic order.
IV. CONCLUSIONS
The present study on SnO 2 films and multilayers combined with different compounds show that: ͑1͒ SnO 2 films show weak paramagnetic signal in their as-grown state. ͑2͒ When heavily doping with Mn, an important fraction of Sn 2+ is detected. ͑3͒ The oxygen non stoichiometry is mainly compensated by the formation of tin mono-oxide ͑SnO͒. ͑4͒ Ferromagnetic phases require amorphous as-grown samples with high concentration of doping Mn cations. We conclude that intrinsic SnO 2 vacancies or interstitials are not enough to produce ferromagnetism due to the short-range mechanism which therefore requires high magnetic centers concentration regions. In SnO 2 , the oxygen vacancies are at least partially compensated by the formation of SnO phase and therefore these are not expected to be relevant in this magnetism, nevertheless we cannot rule out completely the role of oxygen vacancies in ferromagnetism. The presence of Mn 3+ ͑re-vealed by XAS͒ located at Sn 4+ sites most probably produces a hole in the surrounding oxygen ions. These defects play the role of a Sn 4+ vacancy in the previously mentioned calculations 33 giving rise to unpaired electrons at oxygen sites which mediate the ferromagnetic coupling between substitutional Mn. For particular conditions, the density of defects may be locally high enough to produce clusters of defects with superparamagnetic or ferromagnetic observable order. This ferromagnetic state seems to be unstable since annealing at 750°C, either in reducing or oxidizing atmosphere, produce a clear decrease in the ferromagnetic signal and the formation of stable Mn oxides. Nevertheless the samples stored at room temperature for months do not show any evolution.
